One possible solution of combating issues posed by climate change is the use of the High Temperature (HT) Polymer Electrolyte Membrane (PEM) Fuel Cell (FC) in some applications. The typical HT-PEMFC operating temperatures are in the range of 100e200 o C which allows for co-generation of heat and power, high tolerance to fuel impurities and simpler system design. This paper reviews the current literature concerning the HT-PEMFC, ranging from cell materials to stack and stack testing. Only acid doped PBI membranes meet the US DOE (Department of Energy) targets for high temperature membranes operating under no humidification on both anode and cathode sides (barring the durability). This eliminates the stringent requirement for humidity however, they have many potential drawbacks including increased degradation, leaching of acid and incompatibility with current state-of-the-art fuel cell materials. In this type of fuel cell, the choice of membrane material determines the other fuel cell component material composition, for example when using an acid doped system, the flow field plate material must be carefully selected to take into account the advanced degradation. Novel research is required in all aspects of the fuel cell components in order to ensure that they meet stringent durability requirements for mobile applications.
Introduction
Greenhouse gas emissions are ever increasing in an age where hydrocarbon (gas, oil and coal) based power generators dominate. This is especially an issue when taking into consideration that our remaining reserves of oil and natural gas are rapidly dwindling as world population increases (7 billion at present). One way of combating our impact on the world is through the adoption of a Hydrogen Economy. This could be achieved through the use of Hydrogen Fuel Cells (HFCs) as energy converting devices whereby electricity and heat are produced in the electrochemical process with water as the only waste product. 3 The temperature range of 80e130 o C is the domain of many novel materials including composites and blends of conventional materials. The greatly varied class of polyaromatic hydrocarbons span the low temperature (LT) and intermediate temperature (IT) ranges. The next two sections briefly discuss the benefits and disadvantages of higher temperature PEMFCs. Following that, proton exchange membranes, catalysts, gas diffusion layers and flow field plates are discussed with emphasis on recent advances for higher temperature applications. In the remaining sections the production of membrane electrode assemblies and stack design is described. The final sections are devoted to degradation studies.
2.
Advantages and disadvantages By switching to high temperature operation, theoretical and experimental analysis [8] have shown the following benefits:
Electrode reaction kinetics
In the LT-PEMFC, the Oxygen Reduction Reaction (ORR) has the slowest electrochemical kinetics and thus is the determining factor in the overall reaction rate. As a result of the slow reaction kinetics, the overpotential at the cathode is responsible for the cell voltage losses of the LT-PEMFC. By switching to higher temperatures, the ORR reaction rate is significantly increased [8] , thus improving the performance of the PEMFC as a whole.
CO tolerance
The primary catalyst in LT-PEMFC is platinum, which has a significant affinity for carbon monoxide (CO) which is a by-product of reformation [9] . As a result, trace levels of carbon monoxide can cause a large decrease in the performance of the LT-PEMFC due to poisoning effect. HT-PEMFCs avoid this problem, at operating temperatures above 150 o C, the affinity for carbon monoxide is reduced and CO tolerance is increased. For example, below 80 o C CO adsorbs onto the platinum catalyst in the electrode and severely affects the performance [2,10e13] but above 160 o C up to 3% CO can be tolerated in the fuel stream [14e16] . This offers a significant advantage as many stages of fuel processing and gas cleaning can be removed thus allowing for cost-effective fuel.
Heat and water management
In the LT-PEMFC, 40e50% of the energy is produced as heat which must be removed quickly from the fuel cell otherwise the fuel cell will over heat causing increased degradation of the materials.
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As the operating temperature of the PEMFC is increased, the heat transfer rate increases as there is a larger temperature gradient between the fuel cell and the external environment. For an LT-PEMFC system, the heat removal using existing radiator technology found in transport vehicles is often insufficient. As a result, specialised cooling technology is required, all of which adds to the Balance of Plant (BoP) costs associated with the PEMFC. Increasing the temperature of the PEMFC will allow for existing cooling architectures present in transport vehicles to be used thus increasing the weight and mass specific energy densities and the overall energy efficiency. The efficiency can be further increased when cogeneration [17] and on-board reforming [8, 14] are considered.
When operating at lower temperature (80 o C or l ess) under atmospheric pressure a dual phase water system is present in the fuel cell. This dual phase water system must be kept in tight control due to the stringent humidification requirements of the membrane, which makes water management difficult. Higher operating temperatures mean that water management is simplified significantly as there is only a single (gaseous) phase present. This means that the transport of water in the membrane, electrodes and diffusion layer is easier and flow field plate design can be greatly simplified [10, 11, 13] . Another effect of the higher temperatures is that the reactant and product gases are expected to have increased diffusion rates [9] and with no liquid water present to block the electrochemically active surface area thus allowing for more reactions to occur. Both the simplified heat and water management mean that much simpler flow field designs can be used which should help decrease the overall cost of the stack as machining plates should be cheaper.
Alternative catalysts
Due to the increased electrode kinetics at higher temperatures, it becomes possible to utilise alternative catalysts [12] at the electrodes, thus significantly reducing the cost of the PEMFC. For example, due to the higher temperatures, iron (Fe) may be used as a catalyst http://repository.uwc.ac.za 7 The following section will briefly introduce Polymer Electrolyte Membrane and discuss recent advances in this field.
Polymer Electrolyte Membrane (PEM)
There have been many comprehensive reviews on PEMs [1,2,14,20,24,25,30e47] . The PEM can be considered in two parts. Firstly, the polymeric membrane material, including the backbone, the side chains and any fillers or support materials that have been added to enhance the material desirable properties. Secondly, the proton carrier, which is either water or an ionic medium such as phosphoric acid (H 3 PO 4 ) or an ionic liquid such as 1-butyl-3-methylimidazolium tetrafluoroborate (BuMeImBF 4 ) [48] .
For all types of proton carriers there are similar considerations. Firstly, the membrane material must absorb an optimum amount of this medium; too much weakens the membrane, too little results in inadequate proton conductivity. Secondly, the membrane material must retain the maximum amount of the medium under operating conditions over a long period of time (5000 h for transport use, 40,000 h for stationary use). The loss of the conducting medium results in the reduction of conductivity, degradation of the membrane, damage or flooding of the electrodes and blockage of flow field plate (FFP) channels.
Conductivity takes place via diffusion or proton hopping. The mechanism that takes place depends upon which proton conducting medium is present. Fig. 4 illustrates the different mechanisms for water, phosphoric acid and an ionic liquid (1-butyl-3-methylimidazolium bis (trifluoromethyl sulfonyl) imide).
Water containing membranes include Nafion ® , other fluorinated membranes and a large class of sulfonated aromatic hydrocarbons. The non-water membranes include http://repository.uwc.ac.za 8 acidebase systems such as polybenzimidazole (PBI) doped with phosphoric acid and materials rendered conductive by ionic liquids. To increase the uptake of the proton carrier, the concentration of the polar group (acid or base) on the polymer backbone must be maximised. In Table 2 the chemical structure for some of the most common base polymers used for PEM materials are shown. Nafion ® is usually obtained commercially as a film or as a 5 or 10 wt% solution in water and alcohol. Nafion ® is synthesised by reacting tetrafluoroethylene (TFE) with sulfonic acid to form a sultone. The sultone is converted into an acid fluoride with a sulfonyl fluoride end group which is then reacted with hexafluoropropylene oxide and pyrolysed to form sulfonyl fluoride perfluorovinyl ether. Copolymerisation of this product with TFE in a perfluorinated solvent leads to a fluorinated precursor (SO 3 F) which can be neutralised to the salt form (SO 3 Na) or hydrolysed to the acid form (SO 3 H) [52] . The alternatives to Nafion ® http://repository.uwc.ac.za  The first obvious alternative to Nafion ® is a perfluorinated sulfonic acid (PFSA) membrane which has been optimised for high temperature fuel cell application. Various short side chain (SSC) PFSAs have been developed over the years and notably, Stassi et al. [53] recently obtained good single cell performance with an Aquivion (Solvay Solexis) membrane at 130 o C and 100 %RH obtaining a power output of 870 mW cm -2 compared to 620 mW cm -2 for Nafion ® N112 under the same experimental conditions. Similar good performance was observed by Arico et al. [54] for Aquivion in small stack testing. Good single cell performance at reduced relative humidity was also observed by Tu et al. [55] with a composite SSC ionomer achieving 488 mW cm -2 at 95 o C and 40%RH. Performance deteriorated slightly in a 5 kV stack and improvements in the assembly process are required. The improved performance of the SSC PFSA over the long side chain PFSA (like Nafion ® ) is attributed to increased crystallinity and higher glass transition temperature of the polymer. Increased mechanical strength makes lower EW membranes possible which in turn results in increased IEC and proton charge carrier concentration [56] .  Polybenzimidazole (PBI) can be prepared by polymerisation of an appropriate diamine and carboxylic acid in polyphosphoric acid at 180e200 o C and the alternative form, ABPBI, is synthesised by the polymerisation of the diamine 3,4-diamonobenzoic acid under similar conditions. Conductivity for ABPBI has been reported as 0.08 S cm -1 at 140 o C with no hydration and 0.2 S cm -1 at 20%RH [57] . Extensive reviews of these materials have recently been published by Assensio et al. [8] and Li et al. [58] . Recently, Lin et al. [59] [67] . A monomer with a sulfonyl propoxy side chain was prepared and then polymerised with bisphenol-A and 4,4 0 -difluorobenzophenone but precipitation of the oligomers prevented the preparation of a high molecular weight polymer. Sulfonated polyimine (SPI) can be prepared by reacting a sulfonated diamine monomer, triethylamine, naphthalenetetracarboxylic dianhydride, a hydrophobic diamine monomer, benzoic acid and m-creosol at temperatures from 150 o C to 195 o C [68] . In the same fashion as SPEEK, sulfonated polysulfone (SPSU) can be prepared by the sulfonation of commercial PSU with chlorosulfonic acid [69] or by the polymerisation of sulfonated and unsulfonated monomers [70] .  Composite membranes are attracting a great deal of attention as a means for increasing the temperature tolerance of conventional PEM materials. They are manufactured by doping a polymer with a filler material and was recently classified by Dupuis [30] . The main objective of adding a filler is to improve water uptake and retention [71, 72] and by implication the conductivity at high temperature and low humidification. Most types of polymer electrolytes have successfully been doped with inorganic fillers such as hygroscopic oxides (SiO 2 , TiO 2 , ZrO 2 , Al 2 O 3 ), clays (montmorillonite), zeolites, mineral acids (HCl, H 3 PO 4 ), heteropoly acids and zirconium phosphates (ZrP). Recent success has also been reported with pure and functionalised graphene oxide (GO) and with http://repository.uwc.ac.za 11 polymeric micro or nano capsules. Table 3 lists a selection of materials reported in recent literature.  Inorganic or solid acid membranes is another promising class of membranes for higher temperature fuel cells. This class of materials undergo a superprotonic phase transition; when passing through a specific temperature, their proton conductivity increases by several orders of magnitude. An extensive review of the materials is provided by Dupuis [30] categorising the materials in three classes; MHXO 4 , MH 2 XO 4 , M 3 H(XO 4 ) 2 (with M ¼ K, Rb, Cs, Tl, Li, or NH 4 and X ¼ P, S, As or Se). The most promising material appears to be CsHSO 4
with a superprotonic temperature of 140 o C. As early as 2001 this class of membranes was reported in Nature [73] when it was first tested in a fuel cell at 150e160 o C and more recent studies showed conductivity of 0.04 S cm -1 at 200 o C [13] , and blending with microporous zeolite improved conductivity [74] . However, the published single cell performance for these materials is poor. Other groups have investigated the use of ferroxane [75] obtaining proton conductivity in the region of 10 -2 S cm -1 at room temperature. These materials offer a promising alternative to polymer membranes but challenges of water solubility, mechanical instability and compatibility with other cell components need to be addressed.
Preparation methods (Table 4 ) are crucial to the membrane properties. This includes choice of solvent, extrusion versus casting and thermal post-treatment [56, 76] . When inorganic additives are used, the preparation of the additive as well as the composite membrane materials are crucial to the performance of the materials Table 5 summarises data on promising high temperature membrane materials and the entries that are highlighted have met DoE targets for 2015.
It is clear that various materials exist which satisfy either high temperature or low humidity requirements, but that fewer exist that satisfy both requirements at the same time. Anhydrous materials such as polybenzimidazole show the best potential for high temperature application and hydrated materials, such as polysulfones and polyimides would be best suited for intermediate application.
Both temperature ranges show benefits and drawbacks. The anhydrous materials like PBI offer high current densities at high temperature ( Fig. 5 ) but concerns remain regarding low temperature operation, acid leaching and the long start-up time.
Recently however, an innovative method of imbibing the conductive phosphoric acid via the electrodes and gas diffusion layers (rather than doping the PBI membrane) has shown promising fast start-up results. Wannek et al. [57, 77] reported a power density of 120 mW at 600 mV after only 11 min of operation for an ABPBI membrane.
The highly specialised new fluorinated and polyaromatic hydrocarbon materials show promising high temperature conductivity (Fig. 6 ) but the humidity requirement adds cost and complication to the balance of plant. This could be acceptable if the power output is significantly increased and if long term thermal, chemical and mechanical durability can be shown through in-situ testing.
Catalysts
Within the LT-PEMFC, one aspect that has received a lot of attention is the catalyst layer. This is potentially one of the biggest challenges for the widespread usage of PEMFC technology as currently the catalyst layer within the PEMFC contains platinum, a PGM (Platinum Group Metal). The DOE have set targets for the PGM loading in the stack for 2015 (see Table 6 [81]). The degradation of the platinum is common when the fuel cell is used for extended periods of time [82] . In PEMFC systems, the catalyst layer is a complex structure that consists of support material (carbon black) and an ionomer (Nafion ® ) for proton conduction. This layer must be sufficiently porous for the removal of waste water and transport of the reactant gases.
One of the major issues with using platinum as a catalyst is its propensity to degrade. There are three main mechanisms that are widely accepted as being the methods of degradations: (i) the carbon supports corrode [83] ; (ii) the platinum particles dissolve, leading to particle growth via Ostwald ripening, when the platinum is deposited [84] ; (iii) the platinum particles agglomerate and sinter together on the carbon support via passive diffusion processes [85] . Novel methods for LT-PEMFC catalyst layer fabrication to increase active platinum surface area and thus decrease overall platinum levels are demonstrated by Curnick et al. [86] .
They found that, by using the ionomer (Nafion ® ) as a surfactant, they were able to stabilise the platinum particles by both steric and electrostatic mechanism (see Fig. 7 [86]). They also found that they could achieve good interfacial contact between these two phases, which remained upon adding the carbon support. This was advantageous because it led to a highly effective distribution of Nafion ® ionomer allowing for good contact between the platinum and the proton conducting network (allowing for 90% utilization of platinum) [86] . Further research would be required to see whether it is possible to utilise the same techniques using the high temperature PBI based membrane ionomers and to see if this will allow for such a high level of platinum utilisation.
It may also be possible to use alternative catalysts to platinum due to the increased reaction kinetics (due to the increased operating temperatures). There are other metals that are able to catalyse the ORR, for example iron and cobalt. Villers et al. [18] have demonstrated that the catalyst support material plays a large role in the catalytic activity. Interestingly, they found for an LT-PEMFC system, that the nitrogen content on the surface of the catalyst had a large effect on the catalytic activity of the iron. It is also possible to use platinum based binary electrocatalyst alloys such as PtFe, PtCo, PtNi, PtCr and Pt/RuO 2 eSiO x which exhibit much higher catalytic activity than pure Pt for the ORR reactions [87e89]. Recently, platinum based binary electrocatalyst were also tested for HT-PEMFC conditions, such as, http://repository.uwc.ac.za Pt/SnO x [90] and PtCo [54] . It was found that the use of these catalyst layers enhance the stability and performance of the fuel cell at HT operating conditions.
Gas diffusion layer and flow field plates
The porous GDL plays an essential role to assist the reactions on the catalyst layer by diffusing the reactants from the flow channels to reach the active sites on the catalyst. It also enhances humidification in the membrane by allowing water vapour to diffuse along with the reactants. At the same time liquid water produced on the cathode can flow out of the cell to prevent water flooding and blocking of the active sites on the catalyst [42] . However, no liquid water is expected to be present when operating at temperatures over 100 o C, therefore, the demand on GDL properties for water transport at high temperature is reduced. The GDL offers a supporting structure for the catalyst layer and links the catalyst particles electronically. It is an electrically conducting medium that transfers electrons between the catalyst layer and the bipolar plate [91] . State of the art GDL materials seem to be used for both low and high temperature PEMFCs. Table 7 shows some types of GDLs used in HT-PEMFCs in literature. To the authors knowledge, only one paper has been found in the literature on GDLs for high temperature, i.e., Lobato et al. [92] which studied the effect of PTFE loading in the GDL on PBI-based PEM fuel cell. It was reported that lower PTFE loading results in a higher cell performance but it has a negative effect on the mechanical properties of the GDL and a 10% PTFE loading is suggested as an optimum value for HT PEM. Further work is required to optimize GDL properties for HT-PEM fuel cells. The Flow Field Plate (FFP) supplies and distributes the reactants over the GDL, removes water, collects current, and provides mechanical support for the cell or stack. The DOE have set targets for 2015 for the FPP (see Table 8 [81]). Graphite plates have been traditionally used in fuel cells because of their chemical stability and high electrical conductivity, which makes them suitable for HT-PEMFC. Metallic plates are considered superior alternatives for graphite plates due to the reduction in cost, increased volumetric power density and higher mechanical strength [93] . The high temperature cell operation prevents the formation of liquid water in the cell, therefore, allows the use of a wider range of flow field designs without facing the water management problem. The effect of flow field designs for HT-PEM has been studied both experimentally [7] and by modelling [94, 95] . These studies show the significant effect of flow field design on the performance, and focuses on the pressure and current distribution over the surface of the cell. There are different configurations of flow channel, all of which are machined onto the FFP plates. These various configurations have been studied in an attempt to find an optimum design for fuel cell operation. Parallel [15, 96] , single serpentine [97e103], multiple serpentine [104] , etc. are the most common designs used in PEMFC.
Temperature increase enhances the degradation process and puts higher demand on the material stability. Recently, Hartnig et al. [105] studied the effect of bipolar plate degradation in a high temperature acid based fuel cell on the overall performance; the study shows a significant effect of the material surface morphology and hydrophobicity on the degradation. Porous and hydrophilic surfaces increase the plate acid uptake contributing http://repository.uwc.ac.za
MEA manufacture
The preparation of the MEA involves four steps. Firstly, the GDL material must be selected or prepared. The second step includes selecting or preparing the catalyst support material [106], the catalyst itself, the solvent and the ionomer which are all used together to prepare the catalyst ink. The third step involves the catalyst ink deposition, either on the membrane (the so-called Catalyst Coated Membrane method (CCM)) directly or on the GDL (Catalyst Coated Substrate (CCS)). The final step is the hot-pressing of the electrodes onto the membrane although this step is not required for the CCM method. A few examples of the preparation methods are set out in Table 9 .
There are several methods of fabricating the electrodes that are used in the production of the MEA. The oldest method is known as the PTFE-bound method. This involves a slurry that contains the PTFE (Teflon) and electrocatalyst/support [107] which is deposited onto the GDL. This layer would then be impregnated with the Nafion ® ionomer. This method results in low platinum utilisation (approximately 20%) as there is poor contact between the Pt nanoparticles and the Nafion ® ionomer, which ultimately lead to the development of the thin film method. The thin film method is commonly used in the fabrication of the catalyst http://repository.uwc.ac.za layer. This method involves an electrocatalyst slurry (solvent, ionomer & electrocatalyst/support powder) that is used to coat either the GDL (CCS) or the membrane (CCM) [108] . It has been shown that this method decreases interfacial resistance and increased platinum utilization by providing good contact between the catalyst particles and the ionomer allowing for a higher Triple Phase Boundary (TPB).
Other methods include electrodeposition, sputtering, dual ionbeam deposition and physical deposition. It can be seen from Table 9 that preparation methods vary to a great extent between research groups. This results from the requirement for optimisation for each system. Comparison of single cell data from different studies should therefore be undertaken with caution as explained by Li et al. [109] whilst comparing the single cell data for various PBI materials (Fig. 8) .
Among the reasons for high temperature operations, one of the most important is being able to fabricate MEAs with much lower catalyst loadings. Novillo et al. [110] conducted studies on the platinum levels required for high temperature operation. They deposited platinum using DC magnetron sputtering from a platinum target (99%). As expected, it was found that when the sputtering time was increased, agglomeration of the platinum particles was found to occur. However using careful control of the sputtering lead to nano-sized platinum particles. When characterisation on the catalyst layer was performed, it was found that at these lower loadings (0.035 mg cm -2 compared to the 0.35 mg cm -2 in an LT-PEMFC catalyst layer) the electrochemical performance was very similar (a difference of 50 mV at current densities below 800 mA cm -2 ) [110] which shows great promise for future applications. Although the sputtering can give these low platinum loadings, there are issues with the Pt utilisation including the poor adherence of the Pt to the substrate surface, which ultimately leads to a shorter lifetime.
At higher operating temperature, the interfacial resistance is expected to increase due to increased degradation of the membrane if conventional humidified materials are used.
http://repository.uwc.ac.za 20 By the utilization of the CCM method for the MEA preparation in the HT-PEMFC, it is possible to reduce this resistance due to the decrease in thickness of the catalyst layer leading to lowering the platinum loading and also by increasing the adhesion between the catalyst layer and the membrane [103] . Bonville et al. [111] utilised the CCM method in the preparation of their catalyst layers (a Nafion ® e TeflonePTA membrane). When tested at a high temperature, they achieved good performance. The issues with using Nafion ® at higher temperatures remain unresolved, for example Nafion ® ionomer in the catalyst layer dehydrates and so loss of proton conductivity is observed. Further research is required to elucidate the effects of dehydration on the catalyst layer.
Alternative ionomers have been used in the MEA fabrication process. Lee et al. [112] were using a PBI based membrane and thus chose to use PBI ionomer along with Teflon in the catalyst layer. The platinum loading was 1 mg cm -2 . Fig. 9 [112] shows how the different loadings of PBI ionomer in the catalyst layer affected the polarisation curve of the MEA. From the polarisation curve, the 5 wt% loading of PBI ionomer data gives the best results whereas the 10 wt% loadings seem to decrease the power output. This may be due to PBI being only poorly proton conducting by itself, requiring phosphoric acid to improve its proton conductivity thus leading to an overall decrease in the electrochemically active surface area. This was also seen to be the case when Lobato et al. [94] conducted tests on http://repository.uwc.ac.za how the amount of PBI in the catalyst layer affected the electrochemical characteristics of it. Further research is required to see how the presence of phosphoric acid doped PBI in the catalyst layer can negatively affect the electrochemical characteristics of the platinum, especially at the cathode, due to the presence of water. Another large area of research is in novel ionomer materials, all of which need to be adaptable and be physically strong in both wet and dry conditions. The ionomer should be able to integrate well with the GDL as well as the membrane thus to allow for low interfacial resistance.
Once the MEA is prepared, it can be tested inside a fuel cell test stand. Table 10 shows some of the more promising membrane materials and the parameters used to show how they have met the DOE targets. It should be noted that the bulk measurements gained from in-situ testing can be crude as often several factors are contributing to a single result [113] .
Degradation
Fuel cell durability is an essential parameter for fuel cell development. The acidic environment of the fuel cell combined with the humidity level and temperature creates a harsh environment for the components of the fuel cell. This environment results in degradation of fuel cell components and ultimately to loss of performance in the fuel cell. In HT-PEMFCs, the increase in temperature and the low humidity enhances the degradation rate. The lifetime of the fuel cell is one of the major challenges for HTPEMFCs. To the authors' knowledge, the longest lifetime reported for an HT-PEMFC is 18,000 h [114] under steady state conditions. Low temperature PEMFC degradation mechanisms and testing have been extensively reviewed [115e118]. The same mechanisms can also be related to HT-PEMFCs and can be useful as references for future research. Shao et al. [37] reviewed the material challenges facing HT-PEMFC. The main problems reported in the literature are the loss in the catalyst active area due to catalyst agglomeration, and phosphoric acid leaching out from the cell [37, 119, 120] . It is the opinion of Yu et al. [121] and Wannek et al. [122] that the main source of performance loss is due to catalyst agglomeration.
http://repository.uwc.ac.za Moçotéguy et al. [123] reported steady-state long term testing for a single cell and a 500 W stack with pure and simulated reformate fuel. They achieved 1105 and 658 h for the single cell and the stack, respectively. Hu et al. [97] ran a PBI/H 3 PO 4 membrane fuel cell for 500 h under steady-state conditions at constant current. The test showed that for the first 100 h the cell was in activation phase, and then went into the degradation phase. They also found that the cathode catalyst particle size grew from 3.8 nm to 6.9 nm. This is corroborated by Zhai et al. [104] who reported a loss in catalyst stability at high temperature resulting in 55% loss in the Electrode Surface Area due to agglomeration.
Yu et al. [121] studied phosphoric acid leaching from the membrane under steady-state conditions and reported that the level of leaching of the acid is very low which indicates a capability of operation for over 10,000 h. However, leaching was found to be dependent on temperature and load conditions and it mainly occurs on the cathode side [121] . An increase in the cell resistance due to loss of membrane conductivity was observed in the fuel cell due to the loss of H 3 PO 4 [97, 119] . Also, delamination of MEA components occurs due to the hydrate expansion difference which is reported in [97, 124] , however, the gap was filled with H 3 PO 4 that acted as an electrolyte and prevented any change in the cells performance [97] .
Other lifetime related studies are reported in the literature; Cheng et al. [125] studied hydrogen crossover in HT-PEMFCs, and degradation in the PBI-membrane has been reported due to hydrogen peroxide formation [120] . Moçotéguy et al. [123] studied the effect of using reformate fuel reporting a loss of 70e90% of the anode catalyst surface area due to the presence of CO. Moreover, carbon support corrosion and membrane oxidation were reported to be enhanced in HT-PEMs increasing the durability challenge [114] . From all of the studies shown, it can be seen that the catalyst sintering and agglomeration is one of the biggest challenges to the long-term durability of the HT-PEM, especially if an acidebase system is used. Thus, for significant improvements in the longevity of the HT-PEM, the main focus of research should be in the membrane materials and the catalyst layer stability.
Stack design
When investigating the PEMFC, a lot of information can be gained from the study of a single cell. Usually, it is the case that single cells must be joined in series in order to meet the power demands of various applications, for example to power a vehicle. This is known as the PEMFC stack. As the stack increases in size, so does the complexity of the system as a whole as, the voltage, power capacity and balance of plant must be addressed [126, 127] . A single cell is quite simple in terms of fuel and air supply, however in a PEMFC stack, fuel and air delivery requires a gas manifold as well as for the removal of waste water and heat [128] . The methodology of reactant delivery and cell design are therefore of paramount importance as poorly distributed fuel and resistance due to the cell configuration often leads to uneven temperature and voltage across the stack thus leading to a drop in the cell performance [129e131]. As with many engineering problems, it is always important to question how accurate it is to use how a small scale model operates when considering scale up. In the case of fuel cells, the question is how accurate is the scenario of a single cell when considering the processes occurring in a stack. Chu et al. [127] compared the Open Circuit Voltage, Tafel slope and electrical resistance of a single cell and a 30 cell-stack. They found that these values for the stack seemed to be a simple addition of the single cell values however they concluded that mass transfer behaviour of the stack is more complicated, as would be expected. Bonnet et al. [126] conducted a similar study into the effects of scale up when designing an 80 kW PEMFC stack. They compared results for a 25 cm 2 single cell, a 5 cell stack and a 90 cell stack. They found that the polarisation curves (see Fig. 10 [111] ) for the three different sizes seemed to be in concordance thus suggesting that a single cell can be used to predict stack behaviour.
When studying the single cell and the 5 cell stack in further detail, they found that the effect of fuel flow had little effect on the cell voltages. Moving from single cell to stack operation is favourable due to the possibilities for greater fuel economy and power capabilities [127] . For LT-PEMFC systems, it is of paramount importance to have excellent water and thermal management systems in place to accommodate the nonhttp://repository.uwc.ac.za uniformity of the cell potential, reactant concentration and temperature [132] . Theoretically, by switching to high temperature operation, the water and thermal management should be easier as there is only a single phase of water vapour and a more significant temperature gradient.
In contrast, it has also been shown that a single cell cannot be used to predict the behaviour of a stack. Urbani et al. [133] found that the relative humidity at the anode and cathode caused a difference in the polarisation curves of a single cell and a 5 cell stack. When a high relative humidity was used at both the anode and the cathode, they also found that the stack performance suffered due to flooding of the cells. When the cell and stack were run at 80 o C, fuel and air pressure were at 1.5 bar and a current of 0.4 A cm -2 was drawn, they found an 8% decrease in the performance of the stack [111] .
Another area where a single cell behaviour cannot be used to predict stack behaviour is heat management. Chu et al. [127] found this when studying a 30 cell stack. Due to the large number of cells, an even heating effect could not easily be applied to the cells and heat generated from the fuel cell reactions was very difficult to remove from the interior of the stack. This resulted in a difference of 26 o C from the interior of the stack to the exterior.
Very little work has been conducted into whether or not an HT-PEM single cell results will allow for accurate prediction of the behaviour of a stack. In particular, the fact that there will be simpler water and heat management will mean that small scale studies should have greater validity as the mass transport problems that plague LT-PEMFC systems should not be an issue. Further research is required to see if this is true. It would also be of interest to see if an HT-PEM small stack could be used to predict the behaviour of a larger stack. In LT-PEMFC systems, it was found [128,134e136] that small scale stacks could be used to predict the behaviour of larger scale stacks although it was acknowledged that BoP was very different for different sizes of stack, for example San Martin et al. [134] found that a 1 kW stack required both an air compressor and cooling fan while the cooling fan was the only requirement for a 40 kW stack. Due to the simplification of high temperature operation, it would be beneficial to see how the BoP requirements change as the stack is increased in size.
Cooling of the stack is one of the big design considerations when developing a stack for a particular application. There are two main types of cooling infrastructure that are used within the stack: (i) the air/cathode cooling system and (ii) the liquid cooling system. The principle behind the air/cathode cooling system is that the cathode or air gas is also used to remove the heat generated by the stack. This is often the cheaper method of cooling the stack as the only balance of plant required is an air pump to pass air though the cell [137, 138] . Depending on the size of the stack, this pump would already be present so not much modification is required. The downside of this type of cooling system is that it is not suitable for large power applications as the parasitic drain on power becomes too high. On the other hand, the liquid cooling system works by the introduction of cooling http://repository.uwc.ac.za plates in the stack [139, 140] . A liquid is pumped through these channels and heat is removed from the stack by this heat exchanger effect. This type of cooling is suitable for large scale stacks as scaling up this liquid cooling system does not increase the power demands of the balance of plant significantly, furthermore the coolant could be integrated into other systems, for example refrigeration systems, to allow the waste heat to be used for an otherwise energy intensive purpose [141] .
One of the major differences between high temperature and low temperature operation is the required levels of cooling in the stack. LT-PEMFCs require a greater level of cooling due to the lack of a sufficient temperature gradient for passive cooling. This close control of temperature is further complicated by the relative humidity requirements of the membrane [127] . In LT-PEMFC stacks, the waste heat is taken away through a heat exchange process, either by air cooling or liquid cooling, and then can be used in the humidification process for the inlet hydrogen streams. By recycling this heat it is possible to drastically increase the fuel cell efficiency. Giddey et al. [135] constructed a 1 kW LT-PEMFC stack system and calculated the various efficiencies. They found that on average, their stack operated at 41% efficiency when the generated heat was not recycled but when used in a CHP capacity, efficiencies of 80% were recorded. In an anhydrous HT-PEMFC system, with PBI or ionic liquid membrane material, there is no need for this humidification process. Due to the high temperature operation, it is not necessary to actively cool the cells in the same way as an LT-PEMFC system [142] . If the HT-PEMFC stack is being used in a stationary power generation capacity then it may be possible for the waste heat to be used for CHP. In a transport application, it may be possible to remove the heat by integrating the stack cooling system with the existing engine cooling infrastructure. Further research is required to identify the optimum cooling method for vehicular applications. Another major issue with stack design for LT-PEMFC is that water management is difficult to balance [143] . Too little water and the membrane dehydrates, which causes a decrease in the fuel cell performance. Too much water and the electrocatalyst layer will flood which leads to a decrease in the fuel cell performance. As a result, design of the flow fields [93] and the material selection for the GDL is of paramount importance. When higher operating temperatures are used in the stack, the reaction product is water in the gas phase and as such it is much simpler to remove through a passive diffusion process. This is advantageous for several reasons, for example the design of the flow field plates becomes simpler which means that the stack design can be simplified [93] . However, it must be noted that the higher temperature will result in higher rates of degradation for the individual materials. Further research would be required into how the water level will affect the stack performance.
The fuel cell stack consists of a number of single cells being joined in series. Practically, this means that the cathode of one cell is connected to the anode of the adjacent cell. The most common configuration is the bipolar stack (see Fig. 11 ).
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The Bipolar Configuration (BPC) is best for larger stacks because of the relatively low resistance of the bipolar plates (BPPs), and a relatively large surface area for the electrons to travel through. The main issue with this type of configuration is the cost of the BPPs. Further R&D into the materials and the design of the BPP are required in order to further reduce the costs of the BPC [144] .
One of the main advantages of the LT-PEMFC system is that it can be heated up relatively rapidly due to its low operating temperature. Andreasen et al. [145] studied the different heating strategies available for an HT-PEMFC stack in order to determine which method was best for rapid start-up. If an acid doped PBI based membrane is used in the fuel cell it is of paramount importance to avoid drawing a current before a temperature of 100 o C has been reached. This is to stop the leaching of the acid from the membrane by the presence of liquid water in the MEA [145] . Andreasen et al. [145] primarily studied two heating strategies. First, they tried using external heaters and found the start up time was in the region of an hour. Next they tried using preheated fuel, which sped the start-up time to 6 min, overall a 90% drop in start-up time. Further work is required to investigate whether enhanced design of the BPP incorporating embedded heating filaments would allow for an even faster start up time.
The internal gas flow configuration has also been found to have an effect on the performance of the fuel cell stack. Friedl et al. [146] found that, for a 6-cell system, having a mixture of gas flows (parallel gas flow configuration as well as serial gas flow configuration) showed the highest average cell output voltage in the majority of their measurements. They found that having gas flow in cells in a uniformly serial fashion (see Fig. 12 ) gave the largest variation in terms of average cell voltage. This is most likely due to the large pressure drop in the flow channel, which causes differences in the local reactant concentrations thus causing the difference in the cell voltages.
One of the many disadvantages found with LT-PEMFC stack operation is the degradation rates due to the presence of liquid water in the stack system. By switching to high temperature operation this is simplified because there is no liquid water present in the stack. The field of stack design for high temperature is still a relatively new one with only one company (Serenergy A/S) currently commercially selling HT-PEMFC stacks. Further research is required to investigate the best configuration of gas flow, novel methods of heating for a rapid start-up sequence, novel methods of cooling and lowering the cost of the BoP, all of which should help to improve individual cell potential uniformity and lead to a more efficient stack.
Conclusions
Much effort has been put into research of the HT-PEMFC, which has led to some breakthroughs in the field. A majority of the research has been focused on the membrane, as many researchers see this as the biggest barrier to the widespread commercialisation of the HT-PEMFC. In particular, there is a large deficit in well performing materials that meet all of the DOE targets, for the operating temperature http://repository.uwc.ac.za between 80 and 130 o C (the so-called intermediate temperatures) . Above this intermediate zone, the acid doped membranes clearly dominate the field, with their ability to completely scrap any humidification system and high tolerance to impure fuel. However, these membranes also have a host of issues, for example, the propensity of the acid to leach which increases the complexity of system design and the high temperature means long start up times, which is unacceptable to the transport industry. As such, for future use, a compromise must be reached which means a lower operating temperature and novel membrane materials.
There is also much promise with the catalyst layer as lower loadings and alternative catalysts can be used at the higher temperatures. There still remain the issues of the catalyst and catalyst layer durability, especially with the acidebase systems and the acids tend to accelerate the aging of the catalysts that are used. Current state-of-the-art GDL and FFP materials appear to meet the targets, and research for LT-PEMFCs feeds in nicely as materials that are used for LT and HT are the same. However, there is still room for improvement, for example, novel coatings on the FFP need to be investigated in order to improve the durability of the FFP in a high temperature environment, whether that is an acidebase system or a water based system. Finally, stack development for the HT-PEM field is still very important but is very much dependant on the membrane choice. For example, if an acidebase system is chosen, the stack materials and design needs to be optimised in order to minimise the effects of leaching and to improve the start-up times.
The success of the HT-PEMFC direction is very much dependant on the development of the membrane material, followed by the optimisation of the MEA. This will determine a whole range of other factors, for example, the MEA fabrication technique, the FFP material choice, the stack design, the system design, etc. Currently, the only membrane material to come close to meeting all of the DOE targets at high temperature (apart from durability) is acid doped PBI; however it works at a temperature that is unsuitable for mobile applications. It currently seems that there are no materials that work at high temperature without the need for humidification apart from acid doped PBI or ioniceliquid doped materials. For transport applications, it appears that the trend has veered towards intermediate temperatures with some humidification always being required.
